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PROCESS FOR PREPARING DEFECT FREE SILICON CRYSTALS 
WHICH ALLOWS FOR VARIABILITY IN PROCESS CONDITIONS 



BACKGROUND OF THK INVENTION 

The present invention generally relates to the 
5 preparation of semiconductor grade single crystal silicon 
which is used in the manufacture of electronic 
components. More particularly, the present invention 
relates to a process for producing a single crystal 
silicon ingot in which at least a segment of the constant 
10 diameter portion of the ingot is substantially devoid of 
agglomerated intrinsic point defects, wherein v/G 0 is 
allowed to vary over the length of the segment as a 
result of controlling the manner in which the segment 
cools to a temperature at which agglomerated intrinsic 
15 defects would otherwise form. 

Single crystal silicon, which is the starting 
material for most processes for the fabrication of 
semiconductor electronic components, is commonly prepared 
by the so-called Czochralski ("Cz") method. In this 
20 method, polycrystalline silicon ( "polysilicon" ) is 
charged to a crucible and melted, a seed crystal is 
brought into contact with the molten silicon and a single 
crystal is grown by slow extraction. After formation of 
a neck is complete, the diameter of the crystal is 
25 enlarged by decreasing the pulling rate and/or the melt 
temperature until the desired or target diameter is 
reached. The cylindrical main body of the crystal which 
has an approximately constant diameter is then grown by 
controlling the pull rate and the melt temperature while 
compensating for the decreasing melt level. Near the end 
of the growth process but before the crucible is emptied 
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of molten silicon, the crystal diameter must be reduced 
gradually to form an end-cone. Typically, the end-cone 
is formed by increasing the crystal pull rate and heat 
supplied to the crucible. When the diameter becomes 
5 small enough, the crystal is then separated from the 
melt . 

In recent years, it has been recognized that a 
number of defects in single crystal silicon form in the 
crystal growth chamber as the crystal cools after 

10 solidification. Such defects arise, in part, due to the 
presence of an excess (i.e., a concentration above the 
solubility limit) of intrinsic point defects in the 
crystal lattice, which are vacancies and self- 
interstitials. Silicon crystals grown from a melt are 

15 typically grown with an excess of one or the other type 
of intrinsic point defect, either crystal lattice 
vacancies ("V") or silicon self -interstitials ("I"). 

Vacancy- type defects are recognized to be the origin 
of such observable crystal defects as D-defects, Flow 

20 Pattern Defects (FPDs) , Gate Oxide Integrity (GOI) 
Defects, Crystal Originated Particle (COP) Defects, 
crystal originated Light Point Defects (LPDs) , as well as 
certain classes of bulk defects observed by infrared 
light scattering techniques such as Scanning Infrared 

2 5 Microscopy and Laser Scanning Tomography. Also present 
in regions of excess vacancies are defects which act as 
the nuclei for ring oxidation induced stacking faults 
(OISF) . It is speculated that this particular defect is 
a high temperature nucleated oxygen agglomerate catalyzed 

30 by the presence of excess vacancies. 

Defects relating to self -interstitials are less well 
studied. They are generally regarded as being low 



WO 00/22196 



PCT/US99/14287 



3 

densities of interstitial-type dislocation loops or 
networks. Such defects are not responsible for gate 
oxide integrity failures, an important wafer performance 
criterion, but they are widely recognized to be the cause 
5 of other types of device failures usually associated with 
current leakage problems. 

It is believed that the type and initial 
concentration of these point defects in the silicon are 
determined as the ingot cools from the temperature of 

10 solidification (i.e., about 1410°C) to a temperature 

greater than about 1300°C. That is, the type and initial 
concentration of these defects are controlled by the 
ratio v/G 0 , where v is the growth velocity and G 0 is the 
average axial temperature gradient over this temperature 

15 range. Referring to Fig. 1, for increasing values of 
v/G 0 , a transition from decreasingly self -interstitial 
dominated growth to increasingly vacancy dominated growth 
occurs near a critical value of v/G 0 which, based upon 
currently available information, appears to be about 

20 2.1xl0" 5 cm 2 /sK, where G 0 is determined under conditions in 
which the axial temperature gradient is constant within 
the temperature range defined above. At this critical 
value, the concentrations of these intrinsic point 
defects are at equilibrium. However, as the value of v/G 0 

25 exceeds the critical value, the concentration of 

vacancies increases. Likewise, as the value of v/G 0 falls 
below the critical value, the concentration of self- 
interstitials increases. If the concentration of 
vacancies or self -interstitials reaches a level of 

30 critical supersaturation in the system, and if the 

mobility of the point defects is sufficiently high, a 
reaction, or an agglomeration event, will likely occur. 
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Under conventional Czochralski - type growth conditions, 
the density of vacancy and self -interstitial agglomerated 
defects is typically within the range of about lxloVcm 3 
to about lxl0 7 /cm 3 . While these values are relatively 
low, agglomerated intrinsic point defects are of rapidly 
increasing importance to device manufacturers and, in 
fact, are now seen as yield-limiting factors in the 
fabrication of complex and highly integrated circuits. 

Preventing the formation of agglomerated intrinsic 
point defects may be achieved by controlling the growth 
velocity, v, and the average axial temperature gradient, 
G 0 , such that the ratio of v/G 0 is maintained within a 
very narrow range of values near the critical value of 
v/G 0 (see, e.g., Fig. 1, generally represented by range 
X) , thus ensuring that the initial concentration of self- 
interstitials or vacancies does not exceed some critical 
concentration at which an agglomeration reaction occurs. 
However, if control of v/G 0 alone is to be relied upon in 
order to prevent the formation of agglomerated intrinsic 
point defects, stringent process control and crystal 
puller design requirements must be met in order to 
maintain v/G 0 within this narrow range. 

Maintaining v/G within a narrow range of values is 
not the most commercially practical approach to 
25 preventing the formation of agglomerated intrinsic point 
defects, for a number of reasons. For example, the pull 
rate is often varied during the growth process in order 
to maintain a constant diameter of the ingot. Variations 
in the pull rate, however, result in changes in v which, 
30 in turn, impacts v/G 0 , causing it to vary axially over the 
length of the ingot. Similarly, changes in G 0 may occur 
as well, due to changes in other process parameters. 
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Furthermore, iz should be noted that G 0 often changes over 
time as a result of aging of the components of the hot 
zone or as a result of the inside of the hot zone 
becoming coated with, for example, silicon dioxide. 
5 The changes in v and G 0 likewise cause changes in the 

"target" range for v/G 0 (i.e., the range which limits the 
initial concentration of intrinsic point defects such 
that agglomerations do not occur) , unless a corresponding 
and offsetting change is made in G 0 or v, respectively. 

10 Therefore, if a given crystal puller is to be utilized to 
grow a series of ingots, the temperature profile of that 
crystal puller must be continuously monitored and the 
process conditions repeatedly modified as changes in v or 
G 0 dictate. Such an approach is both time consuming and 

15 costly. 

SUMMARY OF THE INVENTION 

Among the several objects and features of the 
present invention may be noted the provision of a process 
for producing single crystal silicon, in ingot or wafer 

20 form, having an axially symmetric region which is 
substantially free of agglomerated intrinsic point 
defects; the provision of such a process in which a 
segment of the ingot is allowed to dwell above a 
temperature at which agglomerated defects would otherwise 

25 form (i.e., the critical or agglomeration temperature) 
for a time sufficient to prevent the formation of 
agglomerated defects within the segment; the provision of 
such a process wherein v/G 0 is allowed to vary axially 
during ingot growth, as a result of changes in v or G 0 ; 

3 0 and, the provision of such a process in which the manner 
by which the ingot is cooled between the temperature of 
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solidification and the agglomeration temperature is 
controlled to prevent the formation of agglomerated 
intrinsic point defects. 

Briefly, therefore, the present invention is 
direction to process for growing a single crystal silicon 
ingot having a central axis, a seed-cone, an end-cone, a 
constant diameter portion between the seed-cone and the 
end- cone, and an ingot segment which comprises a fraction 
of the constant diameter portion and which is 
substantially free of agglomerated intrinsic point 
defects. The process comprises (i) allowing the ratio 
v/G 0 to vary as a function of the length of the ingot 
segment as the ingot is grown, with v/G 0 being allowed to 
vary between a minimum value, (v/G 0 ) min , and a maximum 
15 value, (v/Gj^, where v is the growth velocity and G 0 is 
the average axial temperature gradient between the 
temperature of solidification and about 1300°C at the 
central axis, with (v/G 0 ) min being no more than about 95% 
of (v/GJ^; and, (ii) cooling the ingot segment from the 
20 temperature of solidification to a temperature between 

about 1050°C and about 900°C over a dwell time, t dw , which 
is sufficient to prevent the formation of agglomerated 
intrinsic point defects within the segment. 

The present invention is further directed to a 
25 process for growing a single crystal silicon ingot having 
a central axis, a seed-cone, an end-cone, a constant 
diameter portion between the seed-cone and the end-cone 
having a circumferential edge and a radius extending from 
the central axis to the circumferential edge, the ingot 
being characterized in that, after the ingot is grown 
from a silicon melt and cooled from the solidification 
temperature in accordance with the Czochralski method, 



30 



WO 00/22196 



PCT/US99/14287 



7 

the constant diameter portion contains an axially 
symmetric region which is substantially free of 
agglomerated intrinsic point defects. The process 
comprises controlling (i) a growth velocity, v, and an 
5 average axial temperature gradient, G 0 , during the growth 
of the constant diameter portion of the ingot over a 
temperature range from solidification to about 1300°C; 
and, (ii) the cooling rate of the axially symmetric 
region, the axially symmetric region cooling from a first 

10 temperature, T lf which is between about 1400°C and about 
1300°C, to a second temperature, T 2 , which is between 
about 1050°C and about 800°C, with the rate of temperature 
decrease from T\ to T 2 being controlled such that at each 
intermediate temperature, T int , between T\ and T 2 , the 

15 axially symmetric region has a concentration of silicon 
self-interstitial intrinsic point defects which is less 
than a critical concentration at which agglomerated 
intrinsic point defects form. The axially symmetric 
region has a width, as measured radially from the 

20 circumferential edge toward the central axis, which is at 
least about 30% of the width of the constant diameter 
portion of the ingot and has a length which is at least 
about 2 0% of the length of the constant diameter portion 
of the ingot . 

25 Other objects and features of the present invention 

will be in part apparent and in part pointed out 
hereinafter . 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph which shows an example of how the 
30 initial concentration of self -interstitials, [I] , and 

vacancies, [V] , changes with an increase in the value of 
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the ratio v/G 0 , where v is the growth velocity and G c is 
the average axial temperature gradient. 

FIG. 2 is a graph illustrating the equilibrium 
concentration and the critical concentration (i.e., the 
5 concentration at which agglomerated defects forms) as a 
function of temperature, as further discussed herein. 

FIG. 3A is a graph of the normalized growth rate as 
a function of crystal length, as described in the 
Example . 

10 FIG. 3B is a series of photographs of axial cuts of 

segments of an ingot, ranging from the shoulder to where 
end-cone growth begins, following copper decoration and a 
defect-delineating etch, as described in the Example. 

FIG. 3C is a series of photographs of axial cuts of 

15 segments of an ingot, ranging from the seed-cone to the 
end-cone, following copper decoration and a defect- 
delineating etch, as described in the Example. 

FIG. 4 is a graph illustrating the relationship 
between the normalized concentration of self -interstitial 

20 intrinsic point defects and the normalized growth 
velocity. 

FIG. 5 is a graph illustrating the relationship 
between the normalized concentration of self -interstitial 
intrinsic point defects and the normalized growth 

25 velocity for various dwell lengths. 

FIG. 6 is a graph illustrating the relationship 
between variations in growth velocity (as compared to the 
critical growth velocity) and the dwell length needed in 
order to prevent the formation of agglomerated defects, 

30 for various critical growth velocities (for crystal 
diameters of 200 mm) . 
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FIG. 7 is a graph illustrating the relationship 
between variations in growth velocity (as compared to the 
critical growth velocity) and the dwell length needed in 
order to prevent the formation of agglomerated defects, 
5 for various critical growth velocities (for crystal 
diameters of 150 mm) . 

FIG. 8 is a graph illustrating the relationship 
between variations in growth velocity (as compared to the 
critical growth velocity) and the dwell length needed in 
10 order to prevent the formation of agglomerated defects, 
for various critical growth velocities (for crystal 
diameters of 3 00 mm) . 

FIG. 9 is a graph illustrating the relationship 
between the critical dwell length and the critical growth 
15 velocity for ingots of various diameters. 

FIG. 10 is a graph illustrating the relationship 
between the normalized concentration of silicon self- 
interstitials at the critical temperature and the ratio 
of the critical value of G 0 over the actual value of G 0/ 
2 0 and the impact of changing dwell lengths thereon, for a 
150 mm diameter single crystal silicon ingot. 

FIG. 11 is a graph illustrating the relationship 
between the normalized concentration of silicon self- 
interstitials at the critical temperature and the ratio 
25 of the critical value of G 0 over the actual value of G 0 , 
and the impact of changing dwell lengths thereon, for a 
200 mm diameter single crystal silicon ingot. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



In accordance with the present invention, it has 
30 been discovered that controlled cooling may be utilized 
in the preparation of substantially defect-free silicon 
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to provide sufficient process control flexibility or 
robustness, such that v/G 0 may vary or u wander" outside 
the narrow, target range of values that would otherwise 
have to be employed to prevent the formation of 
5 agglomerated intrinsic point defects. 

Control of Growth Conditions 

Previously, it has been reported that process 
conditions can be controlled during growth of a single 
crystal silicon ingot, prepared in accordance with the 

10 Czochralski method, such that the constant diameter 

portion of the ingot contains a region or segment which 
is substantially free of agglomerated intrinsic point 
defects. (See, e.g., PCT/US98/07356 and PCT/US98/07304 . ) 
As disclosed therein, growth conditions, including growth 

15 velocity, v, the average axial temperature gradient, G 0 , 
between the temperature of solidification and a 
temperature greater than about 1300°C, and the cooling 
rate from solidification to about 1050°C, are controlled 
to cause the formation of an axially symmetric region 

20 which is substantially free of agglomerated intrinsic 
point defects. 

These growth conditions are preferably controlled to 
maximize the volume of this axially symmetric region 
relative to the volume of the constant diameter portion 

25 of the ingot. When silicon self -interstit ials are the 
predominant type of intrinsic point defect, the axially 
symmetric region typically has a width equal to at least 
about 3 0% of the radius of the ingot, with widths of at 
least about 40%, 60%, 80%, 90% and 95% being more 

30 preferred. Similarly, when vacancies are the predominant 
type of intrinsic point defect, the axially symmetric 
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region has a width which is at least about 15 mm. 
Preferably, however, this region has a width which is 
equal to at least about 7.5% of the radius of the ingot, 
with widths of at least about 15%, 25% and 50% being more 
5 preferred. Regardless of which intrinsic point defect 
predominates, most preferably the width of the region is 
about equal to the radius of the ingot. Furthermore, 
this axially symmetric region typically extends over a 
length of at least about 20% of the constant diameter 

10 portion of the ingot, with lengths of at least about 40%, 
60%, 80%, 90% and even about 100% being more preferred. 

As described elsewhere (see, e.g., PCT/US98/07356 
and PCT/US98/07304) , it is generally believed that the 
formation of such an axially symmetric region is achieved 

15 as a result of suppressing the reactions in which silicon 
self -interstitials or crystal lattice vacancy intrinsic 
point defects react to produce agglomerated intrinsic 
point defects. This suppression is achieved by 
controlling the concentration of these intrinsic point 

20 defects in this axially symmetric region during the 

growth and cooling of the ingot to ensure this region 
never become critically supersaturated. Preventing 
critical supersaturation, or the agglomeration of 
intrinsic point defects, can be achieved by establishing 

25 an initial concentration (controlled by v/G 0 (r), where G 0 
is a function of radius) which is sufficiently low such 
that critical supersaturation is never achieved. 
However, such an approach requires that the actual value 
of v/G 0 be maintained within a narrow, target range of 

30 values very close to the critical value of v/G 0 . 

Strict process control and system design 
requirements must be continuously met if v/G 0 (r) is to be 
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maintained within this target range of values, because 
even minor changes in v or G 0 may cause the actual value 
of v/G 0 to move outside this range. Stated another way, 
in the absence of controlled cooling to provide 
5 sufficient dwell time above a temperature at which 

agglomeration would otherwise occur, and thus allow for 
the diffusion of vacancies or interstitials to sinks 
where they may be annihilated, v/G 0 must be maintained 
within this narrow "window" of values over the radius, 
10 extending from about the central axis to within a few 
centimeters (i.e., about 1 to 2 cm) from the 
circumferential edge of the ingot. Such process 
conditions may be expressed by Equation (1) : 



[(v/G 0 ) cr + 6] > v/G 0 (r) > [(v/G 0 ) cr - A] (1) 



15 



wherein 



[(v/G 0 ) cr + 5] is the sum of the critical value 
for v/G 0 plus some delta, which based on experimental 



evidence to-date is believed to be less than about 



5% of the critical value, to account for a region of 



20 



vacancy dominated material which is substantially 
free of agglomerated defects; 



v/G 0 (r) is the actual value of v/G 0 at a given 
radial position extending from the central axis to 



within a few centimeters from the circumferential 



25 



edge of the ingot; and, 



[(v/G 0 ) cr - A] is the difference between the 
critical value for v/G 0 minus some delta, which based 
on experimental evidence to-date is believed to be 
less than about 5% of the critical value, to account 
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for a region of self -interstitial dominated material 
which is substantially free of agglomerated defects. 

In practice, meeting such stringent process control 
conditions is difficult to achieve, and is complicated by 
5 the fact that this window of acceptable values for v/G 0 
may change over time in a given crystal puller. 
Preferably, therefore, preventing the system from 
becoming critically supersaturated, and thus preventing 
the formation of agglomerated intrinsic point defects, is 
10 achieved by suppressing the initial concentration of 
silicon self-interstitials or vacancies subsequent to 
crystal solidification, i.e., subsequent to establishing 
the initial concentration as determined by v/G 0 (r). As 
noted in PCT/US98/07356 and PCT/US98/07304 , it has been 
15 found that due to the relatively large mobility of self- 
interstitials, it is possible to effectively suppress the 
concentration of self-interstitials over relatively large 
distances, i.e. distances of about 5 cm to about 10 cm or 
more, by the diffusion of self-interstitials to sinks 
20 located at the crystal surface or to vacancy dominated 
regions located within the crystal. Diffusion can be 
effectively used to suppress the concentration of self- 
interstitials, provided sufficient time is allowed. In 
general, the diffusion time will depend upon the radial 
25 variation in the initial concentration of self- 
interstitials, with lesser radial variations requiring 
shorter diffusion times. 

The amount of self -interstitial diffusion is 
controlled by controlling the time during which the ingot 
30 is cooled from the solidification temperature (about 
1410°C) to the temperature at which silicon self- 
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interstitials become immobile, for commercially practical 
purposes. Silicon self -interstitials appear to be 
extremely mobile at temperatures near the solidification 
temperature of silicon, i.e. about 1410 C C. This 
mobility, however, decreases as the temperature of the 
single crystal silicon ingot decreases. Generally, the 
diffusion rate of self -interstitials slows such a 
considerable degree that they are essentially immobile 
for commercially practical time periods at temperatures 
less than about 900°C. However, while the temperature at 
which a self -interstitial agglomeration reaction occurs 
may in theory vary over a wide range of temperatures, as 
a practical matter this range appears to be relatively 
narrow as a consequence of the relatively narrow range of 
15 initial self - interstitial concentrations which are 

typically obtained in silicon grown according to the 
Czochralski method. In general, therefore, a self- 
interstitial agglomeration reaction may occur, if at all, 
at temperatures within the range of about 1050°C to about 
900°C, and typically at a temperature of about 925°C or 
about 950°C. 



20 



Effects of Diffusion 

Within the range of temperatures at which self- 
interstitials appear to be mobile, and depending upon the 

2 5 temperature in the hot zone, the cooling time will 

typically be controlled such that the ingot resides, or 
"dwells", within this range for a time which is 
sufficient to allow enough self -interstitials to diffuse 
such that critical supersaturation does not occur. By 

30 controlling this dwell time, t dw , the otherwise stringent 
v/G 0 requirements are relaxed and a larger range of v/G 0 
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values, relative to the critical value, which are 
acceptable for purposes of preventing the formation of 
agglomerated defects are afforded. Such a relationship 
may be expressed by Equation (2) : 

5 [(v/G 0 ) cr + 5] > v/G 0 (r 0 ) > [(v/G 0 ) cr - A(t) cr ] (2) 

wherein 

[(v/G 0 ) cr + 6] is the same as in Equation (1), 
above ; 

v/G 0 (r 0 ) is the actual value of v/G 0 at about 
10 the central axis (given that the diffusion distance 

is typically the greatest at this point) / and, 

[(v/G 0 ) cr - A(t) cr ] is the difference between the 
critical value for v/G 0 minus some delta, the delta 
being a factor of how much time a given axial 
15 position within the ingot is allowed to dwell above 

the critical temperature (i.e., the temperature at 
which agglomerations would otherwise occur) . 

It may be observed from Equation (2) that as the 
dwell time increases, there is greater opportunity for 

20 the actual value of v/G 0 to vary axially within the 

segment that is substantially defect -free; that is, as 
the dwell time increases, the actual value of v/G 0 may 
deviate further from the target range of values that 
would otherwise result in the formation of a 

25 substantially defect-free segment of the ingot if 

diffusion was not utilized. Furthermore, it may be 
observed that the focus is on v/G 0 near the central axis 
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because the diffusion distance is typically greatest at 
this point. 

In view of the forgoing and as noted in, for 
example, PCT/US98/07356 and PCT/US98/07304 , typically the 
axially symmetric region will be allowed to dwell at a 
temperature between the temperature of solidification and 
a temperature between about 1050°C and about 900°C, and 
preferably between about 1025 °C about 925°C, for a period 
of (i) at least about 5 hours, preferably at least about 
10 hours, and more preferably at least about 15 hours for 
150 mm nominal diameter silicon crystals, (ii) at least 
about 5 hours, preferably at least about 10 hours, more 
preferably at least about 20 hours, still more preferably 
at least about 2 5 hours, and most preferably at least 
15 about 30 hours for 200 mm nominal diameter silicon 

crystals, and (iii) at least about 20 hours, preferably 
at least about 4 0 hours, more preferably at least about 
60 hours, and most preferably at least about 75 hours for 
silicon crystals having a nominal diameter greater than 
20 200 mm. It is to be noted, however, that the precise 

time and temperature to which the ingot is cooled is at 
least in part a function of the concentration of 
intrinsic point defects, the number of point defects 
which must be diffused in order to prevent 
25 supersaturation and agglomeration from occurring, and the 
rate at which the given intrinsic point defects diffuse 
(i.e., the diffusivity of the intrinsic point defects). 

The dwell time, or the manner by which the ingot 
cools, is at least in part a function of the growth 
velocity and the design of the hot zone of the crystal 
puller; that is, ingot cooling may be affected by changes 
in the pull rate and also the configuration of the hot 



30 
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zone. Changes in hot zone configuration can be made 
using any means currently know in the art for minimizing 
heat transfer in the hot zone, including reflectors, 
radiation shields, purge tubes, light pipes, insulators, 
5 heaters and magnetic fields. 

Process Variability 

Controlling the dwell time of a given segment of the 

constant diameter portion of the ingot, such that 
intrinsic point defects may diffuse to sinks where they 

10 are annihilated and thus prevent the formation of 

agglomerated defects therein, allows the ratio v/G 0 to 
vary axially; that is, as a result of controlling the 
manner by which this segment of the ingot cools, the 
ratio v/G 0 may change as a function of the length of the 

15 axially symmetric region. In accordance with the present 
process, therefore, the actual value of the ratio v/G 0 may 
be allowed to vary as a function of the length of the 
axially symmetric region as the ingot is grown between a 
minimum value, (v/G 0 ) min , and a maximum value, (v/G 0 U x . 

20 In one embodiment of the present process, (v/G 0 ) min is no 
more than about 95% of (v/G 0 ) max , while in other 
embodiments (v/G 0 ) min is no more than about 90%, 85% or 
even 80% of (v/Gq)^. Stated another way, in one 
embodiment the actual value of v/G 0 may vary by at least 

25 about 5% between (v/G 0 ) min and (v/Gj^, while in other 

embodiments v/G 0 may vary between (v/G 0 ) min and (v/Gq)^ by 
at least about 10%, 15%, 20% or more. 

As used herein and as described in Equation (2) 
above, (v/Gp)^ is intended to refer to (v/G 0 ) cr plus some 

3 0 delta to account for the region of vacancy dominated 
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material which is substantially free of agglomerated 
defects. Furthermore, if growth conditions are such that 
the ingot comprises both vacancy and interstitial 
dominated material which are substantially free of 
5 agglomerated defects, then (v/G,)^ is intended to refer 
to [(v/G 0 ) cr + 6(t) cr ] which, as further discussed below in 
reference to Equation 3, represents the sum of the 
critical value of v/G 0 plus some delta which is a factor 
of how much time a given axial position within the ingot 
10 is allowed to dwell above the critical temperature (i.e., 
the temperature at which agglomerations would otherwise 
occur) . 

It is to be noted that the above ranges for axial 
variations in the ratio v/G 0 refer to the values of v/G 0 

15 within the axially symmetric region of the ingot which is 
substantially free of agglomerated intrinsic point 
defects. Furthermore, v/G 0 may also vary radially 
(v/G 0 (r)). It is therefore to be understood that (v/G 0 ) min 
and (v/G 0 ) max generally refer to the minimum and maximum 

20 "values for v/G 0 (r), respectively, within the axially 

symmetric region. However, when growth conditions are 
controlled such that the axially symmetric region extends 
from the central axis to the circumferential edge of the 
ingot, variations in v/G 0 are typically determined based 

2 5 on the value of v/G 0 at the central axis because the 

diffusion distance is greatest at this position, provided 
there is little or no contribution from axial diffusion. 

It is also to be noted that, as further described in 
detail below in reference to Figs. 4 and 5, when the 

30 variations in v/G 0 are due to changes in v (i.e., G 0 is 
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constant) , the axial variations in v/G 0 may be 
significantly greater; that is, when interstit ials 
predominate and when variations in v/G 0 are due to changes 
in v, (v/G 0 ) mln may be no more than about 60%, 40%, 20%, 
5 10% or even 5% of (v/Gq)^. In other words, provided 
there is sufficient dwell time, the "window" of 
acceptable values for v/G 0 may essentially be any value 
less than the critical value for v/G 0 . Experience to-date 
suggests that, as illustrated in Fig. 5, once the dwell 

10 time is sufficient for v/G 0 to vary by about 20% (i.e., 
when (v/G 0 ) min is no more than about 80% of (v/G 0 ) max ), 
(v/G 0 ) min may essentially be any value less than (v/G 0 ) max . 

While v/G 0 may vary as described above when G 0 is 
constant and v is allowed to change, it is to be noted 

15 that v/G 0 may also vary when v is constant and G 0 is 
allowed to change. More specifically, as further 
described in detail below in reference to Figs. 10 and 
11, the acceptable degree of variation in v/G 0 resulting 
from changes in G 0 increases as the dwell time increases. 

2 0 However, as Figs. 10 and 11 indicate, the "window" of 
acceptable values for v/G 0 when v is constant and G 0 is 
allowed to vary does not have a dwell time plateau where 
this window of values becomes essentially wide open, 
allowing for any value less than the critical value for 

25 v/G 0 . Rather, the degree of acceptable variation (i.e., 

variation in v/G 0 which may occur without the formation of 
agglomerated defects) continues to increase as the dwell 
time increases. 

As discussed above, by allowing the axially 

30 symmetric region to dwell above about 900°C for an 

extended period of time, the otherwise stringent v/G 0 
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requirements are relaxed and a larger range of v/G 0 
values, relative to the critical value, are acceptable 
for purposes of preventing the formation of agglomerated 
intrinsic point defects and growing a single crystal 
5 silicon ingot as described herein. For example, if the 
width of the axially symmetric region in which 
interstitials are the predominant intrinsic point defect 
is to be about equal to the radius of the ingot, then the 
growth velocity, v, and the average axial temperature 

10 gradient, G 0 , (as previously defined) may be controlled 

such that the ratio v/G 0 is between about 0.75 to about 1 
times the critical value of v/G 0 (i.e., about 1.6xl0" 5 
cm 2 /sK to about 2.1xl0" 5 cm 2 /sK based upon currently 
available information for the critical value of v/G 0 ) . 

15 Typically, however, in view of the flexibility provided 
by the present process, the ratio v/G 0 may range in value 
from about 0 . 6 to about 1 times the critical value of v/G 0 
(i.e., about 1.3xl0' 5 cm 2 /sK to about 2.1xl0- 5 cm 2 /sK based 
upon currently available information for the critical 

20 value of v/G 0 ) , and preferably from about 0.5 to about 

1.05 times the critical value of v/G 0 (i.e., about lxlO' 5 
cm 2 /sK to about 2.2xl0~ 5 cm 2 /sK based upon currently 
available information for the critical value of v/G 0 ) . 
Most preferably, however, the dwell time will be 

25 controlled such that the ratio v/G 0 may have any value 
less than about 1.05 times the critical value of v/G 0 . 

It should be noted that the precise range of 
acceptable values for v/G 0 is at least partially dependent 
upon the desired width of the axially symmetric region to 

3 0 be obtained. Accordingly, while the above ranges exhibit 
the flexibility of the present process when the width of 
this region is about equal to the width of the constant 
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diameter portion of the ingot, this flexibility is even 
greater when it is acceptable for the width of this 
region to be less than the radius of the ingot. In such 
instances, the growth velocity, v, and the average axial 
5 temperature gradient, G 0 , may be controlled such that the 
ratio v/G 0 ranges in value from about 0.6 to about 1.5 
times the critical value of v/G 0 (i.e., about 1.3xl(T 5 
cm 2 /sK to about 3xl0" 5 cm 2 /sK based upon currently 
available information for the critical value of v/G 0 ) , and 

10 preferably from about 0.5 to about 2.5 times the critical 
value of v/G 0 (i.e., about IxlO' 5 cm 2 /sK to about 5xl0" 5 
cm 2 /sK based upon currently available information for the 
critical value of v/G 0 ) . Strictly speaking, however, when 
the only goal is the formation of an axially symmetric 

15 region of interstitial dominated material of some minimum 
radial width (i.e., at least about 30%, 40%, 80% or more 
of the constant diameter portion) , then v/G 0 may be 
essentially any value greater than the critical value, 
provided that at some position along the radius the value 

20 falls below that value which is need to result in the 
formation this axially symmetric region of the desired 
width. 

It should be further noted that, given a dwell time 
which is long enough to allow for sufficient vacancy 

25 diffusion, an axially symmetric region of vacancy 

dominated material may also be formed. If the width of 
this region is to be about equal to the radius of the 
constant diameter portion of the ingot, v/G 0 may range 
from about 0.95 to about 1.1 times the critical value of 

3 0 v/G 0 . However, as pointed about above with reference to 
an interstitial dominated region, if the width of this 
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vacancy dominated region is less than the radius of the 
ingot, greater variations in v/G 0 are acceptable. 

The above-noted ratios of v/G 0 may be achieved by the 
independent control of the growth velocity, v, and the 
5 radial variations in the average axial temperature 

gradient, G 0 (r) . While a single value of v/G 0 within the 
range may be achieved during the growth process by 
careful control of the growth velocity and design of the 
crystal puller hot zone, preferably v/G 0 will be allowed 

10 to vary within the noted range during the growth of the 

axially symmetric region. Such variation may result from 
(i) allowing the growth velocity to vary during growth in 
a crystal puller hot zone designed in such a way that G 0 
is essentially constant over the radius and length of the 

15 region (ii) maintaining a constant growth velocity while 
G 0 is allowed to vary, or (iii) allowing both v and G 0 to 
vary . 

Prior to the present invention, a conflict has 
existed between controlling v/G 0 to prevent the formation 

20 of agglomerated defects and controlling process 

conditions for conventional growth purposes, such as to 
maintain a constant diameter of the ingot main body or 
grow the end-cone. This conflict has meant that if 
agglomerated defects are to be prevented, this prevention 

25 must be achieved at some cost. However, in accordance 

with the present process, v/G 0 is allowed to vary, which 
means in one embodiment the pull rate may also vary, in 
order for example to maintain diameter control. 
Accordingly, as an example, the pull rate after about one 

3 0 diameter of the crystal length may range from about 0.3 
mm/minute to about 0.5 mm/minute, from about 0.2 5 
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mm/minute to about 0.6 mm/minute, or from about 0.2 
mm/minute to about 0.8 mm/minute, the range of acceptable 
pull rates increasing as the process flexibility 
increases . 

5 It is to be noted that the pull rate is dependent 

upon both the crystal diameter and crystal puller design. 
The stated ranges are typical for 200 mm diameter 
crystals. In general, the pull rate will decrease as the 
crystal diameter increases. However, the crystal puller 

10 may be designed to allow pull rates in excess of those 
stated here. As a result, most preferably the crystal 
puller will be designed to enable the pull rate to be as 
fast as possible, and thus allow v/G 0 to vary as much as 
possible, while still prevent the formation of 

15 agglomerated intrinsic point defects. 

In addition to allowing for variations in the pull 
rate, or more generally variations in v, the flexibility 
of the present process also allows for G 0 to vary or 
drift. More specifically, because v/G 0 is allowed to 

20 vary, the present process is more robust, thus allowing 
for these variations to occur regardless of the cause; 
that is, the robust nature of the present process allows 
for variations in v/G 0 to occur when G 0 is constant and v 
varies, when v is constant and G 0 varies, or when both 

25 vary. For example, the present process affords the means 
by which to prepare, in a given crystal puller, a series 
of single crystal silicon ingots in which the formation 
of agglomerated intrinsic point defects is prevented and 
wherein both the pull rate and G 0 may drift during their 

30 preparation. As a result, the need to maintain a 
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constant pull rate (at the cost of diameter control), as 
well as the need to continuously monitor the temperature 
profile for the given crystal puller hot zone and make 
adjustments in the process conditions as the hot zone 
parts age (thus causing G 0 to drift) , are eliminated. 

By taking advantage of self -interstitial or vacancy 
diffusion through controlling the dwell time, the present 
process effectively creates a larger "window" of v/G 0 
values which can be utilized to obtained an axially 
symmetric region of the constant diameter portion of the 
ingot which is substantially free of agglomerated 
intrinsic point defects. It is to be noted however, that 
increasing the window size (or allowable v or G 0 
variations for defect- free growth) is substantially 
15 limited to those values of v and G 0 which result in values 
for the ratio v/G 0 which are smaller than the critical 
v/G 0 value. Stated another way, the effect is strongest 
for interstitial dominated material because silicon self- 
interstitials diffuse more quickly than vacancies. As a 
2 0 result, the window opens more quickly toward lower values 
for v/G 0 . For example, increasing the window size for 
allowable pull rate variations is substantially limited 
to slower pull rates because, due to the diffusivity of 
interstitials, the window opens more quickly toward these 

25 lower pull rates. 

In principle, however, as the time the ingot spends 
at temperatures greater than about 900 °C increases, the 
window for allowable v/G 0 variations due to v/G 0 values 
greater than the critical value of v/G 0 plus some small 

30 delta (resulting from, for example, variations toward 
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faster pull rates) also increases; that is, as the dwell 
time increases, in principle the window of acceptable v/G 0 
values for vacancy dominated material also increases 
because greater time is allowed for vacancies to diffuse. 
5 Such a relationship can be expressed by Equation (3) : 

[(v/G 0 ) cr + 5(t) cr ] > v/G c (r 0 ) > [<v/G 0 ) cr - A(t) cr ] (3) 



wherein 



I(v/G 0 ) cr + 5(t) cr ] is the sum of the critical 
value for v/G 0 plus some delta, the delta being a 
10 factor of how much time a given axial position 

within the ingot is allowed to dwell above the 
critical temperature (i.e., the temperature at which 
agglomerations would otherwise occur) ; 

v/G 0 (r 0 ) is the same as in Equation (2), above; 

15 and, 

[(v/G 0 ) cr - A(t) cr ] is the same as in Equation 
( 2 ) , above . 

As can be seen from the expression [(v/G 0 ) cr + 5(t) cr ], as 
the dwell time increases, so the range of values for v/G 0 

20 above the critical value also increases. However, due to 
the slower diffusion rate of vacancies, the formation of 
an axially symmetric region of vacancy dominated material 
which is substantially free of agglomerated intrinsic 
point defects would require significantly longer times 

25 for diffusion, particularly given that this region 
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extends from the central axis to the circumferential edge 
of the constant diameter portion of the ingot. 



10 



"Local" Cooling Rate 

In addition to controlling time during which the 
ingot dwells within the noted range, it is also preferred 
to control the rate at which the ingot cools within this 
range and over this time period. Stated another way, 
while it is preferred to maintain the ingot above the 
temperature at which agglomerated defects will form for a 
period of time, it is also preferred to control the 
"local" (in time) cooling rate; that is, the rate at 
which the ingot cools within this time and temperature 
range. For example, referring now to Fig. 2, it may be 
observed that for each local temperature within the range 
15 bounded by the solidification temperature, and more 
specifically the temperature at which the initial 
concentration of intrinsic point defects is established 
(i.e., some temperature between about 1400°C and about 
1300°C) and the temperature at which intrinsic point 
20 defects are no longer sufficiently mobile for 

agglomerations to occur (i.e., some temperature greater 
than about 900°C) , there exists an equilibrium 
concentration C eq and a critical or nucleation 
concentration C n where a reaction or agglomeration occurs. 
25 Accordingly, for a given concentration (denoted point A) 
above the equilibrium concentration but below the 
critical concentration, if sufficient time is spent at a 
single temperature above the temperature of 
agglomeration, eventually enough interstitials will out- 
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diffuse such that the equilibrium concentration is 
reached (denoted point B) . However, if the temperature 
is then rapidly reduced, an agglomeration may still occur 
(denoted point D) . As a result, to ensure sufficient 
5 time for out -diffusion it is preferred that a given axial 
position in the growing ingot (denoted point A) remain 
above the temperature of agglomeration for the requisite 
time, but in addition that it be cooled at a rate which 
prevents the critical concentration from being exceeded 

10 (see, e.g., path denoted E) . 

It is also to be noted from Fig. 2 that experience 
to-date suggests that the concentration of interstitials 
at a given temperature (i.e., C(T)), between the reaction 
or nucleation temperature and the equilibrium temperature 

15 for that concentration, decreases much slower than the 
corresponding equilibrium concentration (i.e., C eq (T)); 
that is, experience to-date suggests that C(T) decreases 
much slower than C eq . As a result, as the temperature 
decreases, C moves away from C eq and toward the nucleation 

20 concentration, C„, which means if the ingot cools too fast 
eventually the curve C(T) will intersect with C n (T) and 
thus an agglomeration event will occur. Accordingly, it 
should be noted that while a high cooling rate may be 
acceptable at higher ingot temperatures, as the ingot 

25 cools the rate will preferably decrease to ensure 

nucleation, and thus agglomeration, do not occur. It 
should be further noted, however, that the temperature at 
which C(T) intersects with C n (T) is at least in part a 
function of the initial defect concentration and the rate 
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at which the defects diffuse through the crystal lattice 
of the ingot. 

In accordance with the present process, therefore, 
the manner in which the ingot cools within the range of 
5 temperatures in which self -interstitials, or 

alternatively vacancies, appear to be mobile is 
controlled such that the ingot cools from a first 
temperature, T 1# to a second temperature, T 2 , with the 
rate of temperature decrease from T 1 to T 2 being 

10 controlled such that at each intermediate temperature, 

T int , between T 1 and T 2 the axially symmetric region has a 
concentration of intrinsic point defects which is less 
than the critical concentration at which agglomerated 
intrinsic point defects will form. The first 

15 temperature, T lt is typically between about 1400°C and 
about 1300°C, preferably between about 1350°C and about 
1310°C. The second temperature, T 2/ is typically between 
about 1050°C and about 800°C, preferably between about 
1000°C and about 900°C, and most preferably between about 

20 975°C and about 925°C. 

Referring again to Fig. 2, it is to be noted that 
typically the rate at which the axially symmetric region 
of the ingot cools between 1 1 and T 2 will be controlled 
such that, at any given temperature, the actual 

25 concentration of self -interstitials, or vacancies, 

remains below the concentration at which agglomeration 
will occur but well above the equilibrium concentration 
in order to ensure the greatest rate of diffusion 
possible. For example, the rate may be controlled such 

30 that at a given axial position the actual concentration 
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of intrinsic point defects within the axially symmetric 
region can be expressed as in Equation (4) : 

C = C eq + X(C n - C equil ) < 4 > 



wherein 

5 C is the actual concentration of intrinsic 

point defects at the given axial position; 

C is the equilibrium concentration of 
intrinsic point defects for this axial position; 

X is a constant, typically ranging from about 
10 0.4 to less than about 1, and preferably from about 

0.6 to about 0.9; and, 

C n is the concentration of intrinsic point 
defects which is sufficient to cause an 
agglomeration reaction to occur at this axial 
15 position. 

It is to be noted that, while it is generally 
preferred that the crystal growth conditions be 
controlled to maximize the width of the interstitial 
dominated region, there may be limits for a given crystal 

2 0 puller hot zone design. As the V/I boundary is moved 

closer to the central crystal axis, provided the cooling 
conditions and G 0 (r) do not change, the minimum amount of 
radial diffusion required increases. In these 
circumstances, there may be a minimum radius of the 

2 5 vacancy dominated region which is required to suppress 



WO 00/22196 



PCI7US99/I4287 



30 



the formation of agglomerated interstitial defects by 

radial diffusion. 

It is to be further noted that, in order to achieve 
the effects of controlling the cooling rate and dwell 
5 time over appreciable lengths of the constant diameter 

portion of the ingot, consideration must also be given to 
the growth process of the end-cone of the ingot, as well 
as the treatment of the ingot once end- cone growth is 
complete, to ensure that the latter portion of the main 

10 body of the ingot generally has the same thermal history 
as the portions which preceded it. Several approaches to 
dealing with this situation are discussed in detail in, 
for example, PCT/US98/07356 and PCT/US98/07304 . 

It is also to be noted that, as crystal puller and 

15 hot zone designs vary, the ranges presented above for 
v/G 0 , pull rate, cooling time and cooling rate may also 
vary. 

For an ingot prepared in accordance with the process 
of the present invention and having a V/I boundary, i.e. 

20 an ingot containing material which is vacancy dominated, 
experience has shown that low oxygen content material, 
i.e., less than about 13 PPMA (parts per million atomic, 
ASTM standard F-121-83) , is preferred. More preferably, 
the single crystal silicon contains less than about 12 

25 PPMA oxygen, still more preferably less than about 11 

PPMA oxygen, and most preferably less than about 10 PPMA 
oxygen. This is because, in medium to high oxygen 
contents wafers, i.e., 14 PPMA to 18 PPMA, the formation 
of oxygen- induced stacking faults and bands of enhanced 

3 0 oxygen clustering just inside the V/I boundary becomes 
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more pronounced. Each of these are a potential source 
for problems in a given integrated circuit fabrication 
process. However, it is to be noted that, when the 
axially symmetric region has a width about equal to the 
5 radius of the ingot, the oxygen content restriction is 
removed; this is because, given that no vacancy type 
material is present, the formation of such faults and 
clusters will not occur. 

Process/System Design 

10 As previously discussed, the type and initial 

concentration of intrinsic point defects within the 
growing single crystal silicon ingot are a function of 
the actual value of the ratio of v/G 0 relative to the 
critical value of v/G 0 . The critical growth velocity, 

15 v cr , may be express as in Equation (5) : 

v cr = ^G 0 (5) 



20 



wherein 



G 0 is the average axial temperature gradient; 

and, 

£ represents the critical value, which is 
currently believed to be about 2.1xl0 -5 cm 2 /sK. 



If G 0 is constant over the radius of the ingot, then the 
type and initial concentration of these defects are 
primarily a function of v; that is, the type and initial 
25 concentration of intrinsic point defects may be expressed 
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in terms of the ratio v/v cr . Accordingly, if the growth 
velocity v is greater than v cr then vacancies are 
predominant, while if v is less than v cr self- 
interstitials are predominant. 
5 A relationship exists between the growth velocity, 

the time the ingot dwells above the agglomeration 
temperature and the distance over which a given axial 
position travels as the ingot cools from near the 
solidification temperature to the agglomeration 
10 temperature, such that the formation of agglomerated 

intrinsic point defects is prevented. The relationship 
between this distance, or "dwell length" (L d J , the growth 
velocity and the dwell time is expressed in Equation (6) 
as follows: 

15 t = L dw /v. (6) 

It is to be noted that the temperature profile is 
believed to be almost unaffected by variations in v, such 
that L dw may be considered as a constant for a given hot 
zone . 

20 Solving the problem of silicon self - interstitial 

diffusion in a single crystal silicon ingot, by means 
commonly known in the art, additionally leads to the 
conclusion that, when G 0 is constant, the relationship 
between L dw , a given growth velocity less than or equal to 

25 the critical velocity and the concentration of self- 

interstitials (relative to the melting point equilibrium 
concentration C m ; i.e., the concentration of self- 
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interstitials at the rime of solidification) may be 
expressed as in Equation (7) : 

C/G, = 1.602B (l-v/v cr )exp(-MiL d w) < 7 ) 

wherein 

5 C/C m is the "normalized" concentration (i.e., 

the concentration of self -interstitials relative to 
the concentration at the time of solidification) ; 

B is a proportionality coefficient which is 
dependent upon the assumed point defect parameters; 
10 a reasonable estimate is about 0.5; 

v/v cr is the actual growth velocity relative to 
the critical growth velocity; 

fi is a decay coefficient which, for the typical 
growth parameters of common Cz-type silicon wherein 
15 the contribution of axial diffusion is small, may be 

expressed as equal to (D/v) (A : /R) 2 , wherein D is the 
diffusivity of self - interstitials , v is the growth 
velocity, X T is the first root of the Bessel 
function, J o (A I )=0, and is equal to about 2.40 and R 
20 is the radius. 

Based upon experimental evidence to-date, it is generally 
believed that at a temperature of about 900°C to about 
925°C, the formation of agglomerated defects can be 
avoided if the value of the ratio C/C m is less than about 
25 0.01, and preferably less than about 0.005. Using these 
values and Equation (7) , the degree of variability that 
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is acceptable (i.e., the degree of variability a given 
system can have and still yield a substantially defect- 
free axially symmetric region of a width essentially 
equal to the radius of the ingot) for a given dwell 
length can be determined. Alternatively, using these 
values and the known or desired variability in a given 
crystal pulling process, a dwell length can be determined 
which is sufficient to yield a substantially defect-free 
axially symmetric region of a width essentially equal to 
the radius of the ingot. In other words, given that some 
variation in process conditions is to be expected, the 
relationship provided in Equation (7) may be used to 
provide the details needed to design a robust process; 
that is, Equation (7) may be used to design a system 
15 which is capable of coping with expected process 

variations and still enable the growth of substantially 
defect-free silicon. 

Referring now to Fig. 4, it may be observed that for 
a given dwell length, the normalized concentration 
20 increases as the actual velocity, relative to the 

critical velocity, (i.e., v/v cr ) decreases until the 
growth velocity become so slow that sufficient time is 
allowed for self -interstitials to out-diffusion, 
effectively lowering the overall concentration. 
25 Experimental evidence to date suggests that for the 
particular process conditions and system represented 
(i.e., v cr = 0.28 mm/min.; ingot radius = 100 mm; L dw = 690 
mm), the relative critical concentration which, if 
exceeded, results in the formation of agglomerated 
30 intrinsic point defects, is believed to be about 0.01, 
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while in some instances it may be about 0.005 or less. 
Accordingly, it may be observed that the actual growth 
velocity must be very close, or very far away from, the 
critical velocity if the formation of agglomerated 
intrinsic point defects is to be prevented; that is, in 
this instance there are two "windows" for v/G 0 which 
enable the formation of agglomerated defects to be 
avoided, one very near to the critical value and one far 
away from it. Referring now to Fig. 5, it can be seen 
that as L dw increases for a given growth velocity, the 
corresponding relative concentration of silicon self- 
interstitials decreases (where curves 1-7 correspond, 
respectively, to dwell lengths of 400 mm, 500 mm, 600 mm, 
700 mm, 800 mm, 900 mm and 980 mm) . 

Increasing L dw effectively extends the range of 
actual growth velocities which are acceptable for 
purposes of growing a single crystal silicon ingot which 
is substantially free of agglomerated defects. As L dw 
continues to increase, eventually this "window" of 
acceptable growth velocities extends over the entire 
range (see, e.g., Fig. 5, curve 7); that is, L dw 
eventually reaches a critical value at which C<C cr at any 
v<v . It can be seen that for the present example, the 
critical value for L dw is about 980 mm, which is 
comparable to the typical length of a Cz-type single 
crystal silicon ingot. Therefore, to prevent the 
formation of agglomerated defects over the entire usable 
length of the crystal, the pulling of the ingot must 
continue at the same rate even after growth is complete 
in order to ensure sufficient dwell time (unless the 
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ingot is prepared following an alternative growth 
process, suoh as by holding the ingot in the pull chamber 
after growth is complete with while maintaining, and then 
slowly cooling, the ingot using pull chamber "after- 
heaters) . 

Referring now to Figs. 6-8, the dependence of this 
window of acceptable growth velocities on L dw is further 
illustrated. These curves may be used to determine the 
dwell length needed in order to obtain substantially 
defect-free silicon in view of the known or desired 
variability in a given set of process conditions. Stated 
another way, given that each crystal puller hot zone has 
an inherent critical G 0 and, as such, has a corresponding 
v cr , once the amount of variability in a given process is 
determined, or a desired variability is established, this 
ratio of v/v cr can be used in conjunction with the graphs 
present in Figs. 6-8 to generally determine the dwell 
length needed to prevent the formation of agglomerated 
defects . 

As an example, if a 200 mm diameter ingot is to be 
grown (see, e.g., Fig. 6) in a crystal puller have a 
thermal profile such that v cr is about 0.28 mm/minute 
(i.e., curve 3) and the desired variability is about 20%, 
then a single crystal silicon ingot may be grown, the 
entire usable length of which is substantially free of 
agglomerated defects, if the L du is about 100 cm in 
length. Stated another way, such an ingot can be grown 
if, by employing upper heaters and reflector for example, 
the hot zone is design so that each axial position of the 
constant diameter portion of the ingot travels about 100 
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cm while cooling from about the temperature of 
solidification to the critical temperature at which 
agglomerations would otherwise form. 

It is to be noted, in regard to Figs. 6-8, which 
correspond to ingot diameters of 200 mm, 150 mm and 300 
mm, respectively, that dwell lengths are provided for a 
number of different v cr values, the curves in each graph 
corresponding to the v cr values as given below in Table I: 



Table I 



10 



15 



20 



25 



Curve 


v cr (Fig. 6) 


v cr (Fig. 7) 


v cr (Fig. 8) 


1 


0.15 mm/min 


0.2 5 mm/min 


0.10 mm/min 


2 


0.2 5 mm/min 


0.3 5 mm/min 


0.15 mm/min 


3 


0.2 8 mm/min 


0.4 5 mm/min 


0.2 0 mm/min 


4 


0.3 5 mm/min 


0.55 mm/min 


0.25 mm/min 


5 


0.45 mm/min 






6 


0.55 mm/min 







Referring again to Fig. 5, it can be observed that 
if the dwell length is sufficiently great, the actual 
growth velocity may be any value less than about the 
critical value, in order grow a single crystal silicon 
ingot of interstitial dominated material which is 
substantially free of agglomerated defects. More 
specifically, it may be observed from curve 7 that as L dw 
approaches about 970 mm, which in this example is the 
critical length (L cr ) , the "window" for variations in the 
v, and thus v/G 0 , is essential completely open; that is, 
if L dw is about 970 mm, then all values less than about 
v , and thus all values of v/G 0 less than the critical 
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value of v/G 0 plus some delta to allow for the 
annihilation of vacancies by recombination (given that G c 
is assumed to be essentially constant here) , will enable 
the growth of interstitial-dominated single crystal 
silicon which is substantially defect-free. 

The dependence of the critical value of L dw on v cr may 
be further illustrated by Equation (8) (wherein all units 
are mm and minutes) : 



L cr = 0.35v cr R 2 (8) 



10 wherein 



L is the critical value for L dw ; that is, the 
length which is sufficient to allow v to be any 
value less that v cr and still prevent the formation 
of agglomerated defects; 
15 Vcr is the critical value for the growth 

velocity (mm/minute), as described above; and, 
R is the radius of the ingot being grown. 

The relationship between the critical length for L dw and 
the critical growth velocity v cr is further illustrated by 

20 Fig. 9 for ingot diameters of 150 mm, 200 mm and 300 mm 
(curves 1, 2 and 3, respectively). More specifically, 
the graph presented in Fig. 9 shows the relationship 
between v cr when the "window" of acceptable variations is 
completely open (i.e., any variation for interstitial 

25 dominated growth is acceptable) and the corresponding L dw 
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needed in order to obtain an ingot which is substantially 
defect-free over essentially the entire usable length. 

It is to be noted that while the above expression is 
for purposed of describing the relationship between the 
critical value for L dw , the growth velocity, and the 
radius when the width of the axially symmetric region is 
about equal to the width of the ingot, a similar 
expression may be given when the width is less than equal 
to the radius of the ingot. More specifically, if the 
width of the axially symmetric region is less than equal 
to the radius of the ingot, then R (denoting the radius 
of the ingot) in Equation (8) is replaced with (R - R») , 
wherein R v represents the width of the vacancy dominated 
core as determined by measuring from the central axis 
15 radially outward to the V/I boundary. Accordingly, the 

radius of the ingot has been replaced by the width of the 
self-interstitial dominated region, due at least in part 
to the fact that the diffusion distance has decreased. A 
similar relationship may be provided when the focus is 
2 0 upon the vacancy dominated region as the region which is 
substantially defect free, wherein R is replaced with 
(R - Rj) , R x representing the width of the interstitial 

dominated ring. 

It is to be further noted that while the above 

25 described relationships are based on the assumption that 
G 0 is constant across the radius of the ingot, generally 
speaking, the same is true for the situation wherein G 0 
varies radially. More specifically, radial variations in 
G 0 are acceptable when growth conditions are controlled to 

30 ensure self -interstitials predominate (excluding of 
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course a core of vacancy-dominated material which may be 
annihilated by recombination with interstitials) because, 
given sufficient time, outdiffusion of self -interstitials 
acts to compensate for any variation in the initial 
5 concentration of intrinsic point defects. While 

significantly long periods of time would be required, the 
same is essentially true when vacancies predominate, as 
well . 

While the robust nature, or flexibility, of the 
0 present process allows for radial variations in G 0 , it 

should also be noted that the present process allows for 
axial variations in G 0 , as well. More specifically, 
changes in the initial concentration of intrinsic point 
defects (i.e., the concentration after the ingot has 
L5 cooled to about 1300°C, or even about 1325°C) generally 
near the central axis (where diffusion distance is 
typically the greatest) may occur from one axial position 
to the next as a result of changes in G 0 , as well as v. 
Accordingly, the effects of outdiffusion can be utilized 
20 to offset these changes in defect concentration 
regardless of the cause. 

Referring now to Figs. 10 and 11, the relationship 
between the normalized value S of the threshold 
interstitial concentration (i.e., the ratio of the 
25 concentration C at the temperature T cr at which 
agglomerations might otherwise form over the 
concentration C im at the time of solidification) and the 
ratio of the critical value of G c over the actual value of 
G 0 is plotted. It is to be noted that experience to-date 
30 suggests this normalized value of the threshold 
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concentration is less than about 0.01, possibly about 
0.005; that is, the formation of agglomerated self- 
interstitial intrinsic point defects can be avoided 
provxded the normalized concentration remains below this 

5 value . 

Referring now to Fig. 10 and corresponding Table II, 
below, the relationship between changes in (G 0 ) cr /G 0 and 
the normalized interstitial concentration may be observed 
for a single crystal silicon ingot having a nominal 
10 diameter of about 150 mm, for a number of different dwell 
lengths. From this plot, it can be seen that as the 
dwell length continues to increase (moving right to left 
from curve 1 to curve 7) , more and more of the curve is 
below the estimated threshold concentration of about 
15 0.005, thus allowing for greater variability in G 0 . 
Specifically, as can be seen from Table II, for a 
constant pull rate (about 0.28 mm/min. here) a "window" 
of about 30% variability is afforded G 0 by a dwell length 
which is within about a typical crystal length (i.e., 
20 less than about 100 cm) . 
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Table II 




10 



(R = 7.5 cm; v = 0.28 mm/min. ; D, = 2x10" cm 2 /sec . ) 



A similar observation can be made from Fig. 11 and 
corresponding Table III, below, for a single crystal 
silicon ingot having a nominal diameter of about 200 mm. 
Once again, it can be seen from the plot that as the 

15 dwell length increases, more of the curve is below the 
estimated threshold concentration of about 0.005, thus 
allowing for greater variability in G 0 . However, as Table 
III indicates, the impact of the same increase in dwell 
length is lessened here, due to the increase in diffusion 

20 distance necessary to effectively suppress the 

interstitial concentration and thus prevent the formation 
of agglomerated defects. 
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Table III 




10 



(R = 10 cm; v 



= 0.28 mm/min.; D, = 2x10' cm'/sec . ) 



It is to be noted that the calculated width of the 
-window" of values for G 0 which enable the formation of 
agglomerated defects to be prevented is at least in part 
dependent upon the estimated value for S, as well as the 
15 assumed interstitial diffusivity value D, (which in the 
present examples is estimated to be about 2xl0' 4 
cm»/.ec.). However, the qualitative results presented 
here are believed to be the same within a reasonable 
range of values for S and D : . 

It is to be further noted that, as can be observed 
from Figs. 10 and 11, unlike the case discussed above 
wherein G 0 remained constant while v was allowed to vary 
(see, e.g., Figs. 4 and 5), the curves presented here do 
not reach a maximum. Stated another way, when v is 
25 allowed to vary, as the dwell length continues to 

increase, eventually a point is reached where the entire 
curve falls below the critical concentration. In 
contrast, when G 0 is allowed to vary, no such point is 
reached; that is, the G 0 "window" of acceptable values 
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does not become complete open as it does when v is 

allowed to vary. 

Additionally, as can be observed from Figs. 10 and 
11, the curves continue on an upward slope as G 0 
increases. In contrast, when v is allowed to vary, the 
curves initially have an upward slope but then, after 
reaching a plateau, the curves change to a downward 
slope. The shape of the v variation curves is due to the 
offsetting effect of a decrease in v. More specifically, 
while a decrease in v cause the concentration if 
interstitials to increase, the time for diffusion also 
increases. At some point, the effects of diffusion 
outweigh the increase in concentration. No such 
offsetting effect is present when G 0 is the source of 
15 variation, as Figs. 10 and 11 indicate. 
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Definitions 

As used herein, the following phrases or terms shall 
have the given meanings: "agglomerated intrinsic point 
defects" mean defects caused (i) by the reaction in which 
vacancies agglomerate to produce D-defects, flow pattern 
defects, gate oxide integrity defects, crystal originated 
particle defects, crystal originated light point defects, 
and other such vacancy related defects, or (ii) by the 
reaction in which self -interstitials agglomerate to 
produce dislocation loops and networks, and other such 
self -interstitial related defects; "agglomerated 
interstitial defects" shall mean agglomerated intrinsic 
point defects caused by the reaction in which silicon 
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self-interstitial atoms agglomerate; "agglomerated 
vacancy defects" shall mean agglomerated vacancy point 
defects caused by the reaction in which crystal lattice 
vacancies agglomerate; "radius" means the distance 
5 measured from a central axis to a circumferential edge of 
a wafer or ingot; "substantially free of agglomerated 
intrinsic point defects" shall mean a concentration of 
agglomerated defects which is less than the detection 
limit of these defects, which is currently about 10 3 
10 defects/cm 3 ; "V/I boundary" means the position along the 
radius of an ingot or wafer at which the material changes 
from vacancy dominated to self - interstitial dominated; 
"vacancy dominated" and "self -interstitial dominated" 
mean material in which the intrinsic point defects are 
15 predominantly vacancies or self -interstitials, 

respectively; and, »(v/G 0 ) cr " is intended to refer to the 
critical value of v/G 0 , taking into account the effects of 
vacancy or self -interstitial annihilation as a result of 
recombination as the ingot cools. 

20 Example 

As the following Example illustrates, the present 
invention affords a process for preparing a single 
crystal silicon ingot wherein v/G 0 may vary, either 
radially or axially, as a result of changes in v, G c , or 

25 both. By utilizing the effects of controlled cooling and 
the outdif fusion of intrinsic point defects, the present 
process thus affords greater flexibility in the 
preparation of single crystal silicon substantially free 
of agglomerated intrinsic point defects, such that 
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maintaining the value of v/G 0 within a narrow, "target- 
range of values is no longer necessary. It should be 
noted, however, that the Example sets forth only approach 
and one set of conditions that may be used to achieve the 
5 desired result. Accordingly, it should not be 
interpreted in a limiting sense. 

Example 

Two 200 mm crystal ingots were grown in a crystal 
puller capable of producing a substantially defect-free 
10 axially symmetric region of interstitial dominated 

material having a width and length essentially equal to 
the radius and length, respectively, of the constant 
diameter portion of the ingots. Such an axially 
symmetric region may be achieved in the given crystal 
15 puller when the ingots are grown at the rate depicted by 
the dashed line in Fig. 3A (hereinafter, the "defect- 
free" growth rate curve) . 

The two crystals were grown at the same target 
growth rate, depicted in Fig. 3A as a continuous line, 
20 with the growth rate being reported as a normalized 

growth rate (i.e., the actual growth rate relative to the 
critical growth rate, typically expressed as a ratio of 
v/v cr ) . As depicted, these ingots were initially grown 
for'a period of time at a rate which was in excess of the 
25 "defect -free" growth rate curve, then for a period of 
time at a rate which was less than the "defect-free" 
growth rate curve, and then again for a period of time at 
a rate in excess of the "defect-free" growth rate curve. 
The first ingot (87GEX) was allowed to cool 
30 naturally in the crystal growth chamber upon completion 
of the growth of the ingot. The second ingot (87GEW) 
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however, was not allowed to cool naturally in the crystal 
growth chamber; instead, upon completion of the growth of 
the ingot, the heaters in the hot zone of the crystal 
puller remained on and the ingot was held for 30 hours in 

the pull chamber. 

It is to be noted that, with regard to the second 
ingot (87GEW) , a non-uniform temperature profile was 
employed, the profile being established such that regions 
of the ingot more than about 400 mm from the seed end 
were held at a temperature in excess of about 1,050 °C 
while regions less than about 400 mm from the seed end 
were held at a temperature less than about 1,050 °C 

during this period. 

The ingots were sliced longitudinally along the 
central axis running parallel to the direction of growth, 
and then further divided into sections, each about 2 mm 
in thickness. Using a copper decoration technique (as 
described in PCT/US98/07356 and PCT/US98/07304) , followed 
by a standard defect delineating etch, the samples were 
visually inspected for the presence of precipitated 
impurities; those regions which were free of such 
precipitated impurities corresponded to regions which 
were free of agglomerated interstitial defects. 
Photographs were then taken of the sections of each 
25 crystal and assembled to show the results for each 

crystal from seed to tail end. The set of photographs 
for the first, naturally-cooled ingot (87GEX) are 
depicted in Fig. 3B and the set of photographs for the 
second, held ingot (87GEW) are depicted in Fig. 3C. 

Referring now to Figs. 3A, 3B, and 3C, it can be 
seen that the naturally-cooled ingot (87GEX) contains 
agglomerated vacancy defects from 0 to about 393 mm, no 



20 



30 



WO 00/22196 



PCT/US99/14287 



48 



10 



15 



20 



25 



agglomerated intrinsic point defects from a cut 53 - to 
about 435 m . agglomerated intrinsic point defects fro. 
about 435 . tc about 513 no agglomerated intrrnsic 
pcint defects from about 533 mm to about 557 mm, and 

j c^^ a fmm 557 mm to the end or 
agglomerated vacancy defects from 5b/ m 

fhp reoions above, 
the crystal. These correspond to the reg 

within and below the defect-free growth cond.txons for 
this hot zone. The held ingot ( 87GEW) contains 

. from o to about 3 95 mm, no 

agglomerated vacancy defects from o to 

agglomerated intrinsic pcint defects from about 355 mm 
about 5S4 mm, and aggiomerated vacancy defects £ rom about 
5S4 mm to the end of the crystal. The most srgnrfrcant 
difference between the two ingots, therefore, 
the region from about 435 mm to about 513 mm rn which the 
naturally-cooled ingot (87GEX) stains agglomerated 
intrinsic point defects whereas the held ingot (87GEW) 
does not. During the holding period, the concentre ion 
of self-interstitial silicon atoms in the held ingot 
(87GEW) is suppressed by additions! diffusion of the 
self-interstitial atoms to the surface of the ingot and 
vacancy dominated regions and thus, critical 
aupersaturation and the agglomeration reaction for 
interstitial atoms is avoided subsequent to crystal 
acidification. In the naturally cooled ingot however 
insufficient time is allowed for additional diffusion to 
the surface and vacancy dominated regions and, as a 
result, the system becomes critically supersaturated in 
silicon self-interstitial atoms and an agglomerate 

reaction occurs . 

It is to be noted that these ingots therefore 
iHustrate that, given sufficient amounts of time and 
sufficiently high temperatures, virtually any amount of 
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silicon self-interstitial atoms can be outdiffused to the 
surface . 

It is to be further noted that the "defect-free" 
growth rate curve depicted in Fig. 3A falls within a 
range of crystal growth rates which provide fully 
agglomerated intrinsic defect-free material under natural 
cooling conditions for this crystal puller configuration. 
Referring now to Table IV, below, it can be seen that 
even under natural cooling conditions for this hot zone 
configuration, there is a range of crystal growth rates 
between the growth rate (P v ) at which agglomerated vacancy 
defects form and the growth rate (P x ) at which 
agglomerated intrinsic point defects form; this range is 
at least ±5% of the average of P v and P x . When the 
residence time of the grown crystal at temperatures in 
excess of about 1,050 °C is increased, this range is 
increased further with the range being, for example, at 
least +7.5%, at least ±10%, or even at least ±15% of the 
average of P v and P. (for example, for crystal 87GEW the 
residence was sufficiently great that, P x , was not 
achieved and thus, P x for this crystal was less than the 
lowest pull rate achieved) . 
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For a given crystal puller and hot zone 
configuration, it may be assumed that the axial 
temperature gradient, G 0 , is approximately constant over 
relatively short distances, such as the transition ranges 
which occur here. As a consequence, a change in the 
crystal growth rate leads to a proportional change in 
v/G 0 and thus, the initial concentration of vacancies and 
silicon self-interstitial atoms. In general, however, 
the value of v/G 0 at the center ingot is the most critical 
value since it is the farthest distance from the surface. 
Therefore, the results of this example demonstrate that 
the increase in pull rate variations achieved through 
increased dwell times at temperatures greater than about 
1000 °C implies those corresponding variations in v/G 0 may 
occur at any point along the radius of the crystal. In 
other words, radial variation of v/G 0 is irrelevant and 
thus, for example, may exceed (at any radial position) 
10%, 15% or more of the value of v/G 0 at the center of the 
ingot . 

As can be seen from the above data, by means of 
controlling the cooling rate, the concentration of 
intrinsic point defects may be suppressed by allowing 
more time for these defects to diffuse to regions where 
they may be annihilated. As a result, the formation of 
agglomerated intrinsic point defects is prevented within 
a significant portion of the constant diameter portion of 
the single crystal silicon ingot. 
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in view of the above, it will be seen that the 
several objects of the invention are achieved. 

As various changes could be made in the above 
compositions and processes without departing from the 
scope of the invention, it is intended that all matters 
contained in the above description are interpreted as 
illustrative and not in a limiting sense. 
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WHAT IS CLAIMED IS: 

1. A process for growing a single crystal silicon 
ingot having a central axis, a seed-cone, an end-cone, a 
constant diameter portion between the seed- cone and the 
end- cone, and an ingot segment which comprises a fraction 
5 of the constant diameter portion and which is 

substantially free of agglomerated intrinsic point 
defects, the process comprising: 

Allowing the ratio v/G 0 to vary as a function of the 
length of the ingot segment as the ingot is grown, with 

10 v/G 0 being allowed to vary between a minimum value, 

(v/G 0 ) min , and a maximum value, (v/G^, where v is the 
growth velocity and G 0 is the average axial temperature 
gradient between the temperature of solidification and 
about 1300°C at the central axis, with (v/G 0 ) min being no 

15 more than about 95% of (v/G 0 ) roax ; and, 

cooling the ingot segment from the temperature of 
solidification to a temperature between about 1050°C and 
about 900°C over a dwell time, t dw , which is sufficient to 
prevent the formation of agglomerated intrinsic point 

20 defects within the segment. 

2. The process of claim 1 wherein the ingot segment 
has a length which is at least about 4 0% of the length of 
the constant diameter portion. 

3. The process of claim 1 wherein the ingot segment 
has a length which is at least about 8 0% of the length of 
the constant diameter portion. 
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4 The process of claim 1 wherein the ingot segment 
has a length which is at least about 90% of the length of 
the constant diameter portion. 

5 The process of claim 1 wherein the ingot has a 
nominal diameter of about 150 mm and t dM is at least about 
10 hours. 

6 The process of claim 1 wherein the ingot has a 
nominal diameter of about 200 mm and t dw is at least about 
20 hours. 

7. The process of claim 1 wherein the ingot has a 
nominal diameter of greater than 200 mm and t dw is at 
least about 40 hours. 

8. The process of claim 1 wherein (v/G 0 ) min is no 
more than about 90% of (v/Go)^. 

9 The process of claim 8 wherein the ingot segment 
has a length which is at least about 40% of the length of 
the constant diameter portion. 

10 The process of claim 8 wherein the ingot 
segment has a length which is at least about 80% of the 
length of the constant diameter portion. 

11 The process of claim 8 wherein the ingot 
segment 'has a length which is at least about 90% of the 
length of the constant diameter portion. 
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12. The process of claim 8 wherein the ingot has a 
nominal diameter of about 150 mm and t dw is at least about 
10 hours. 

13. The process of claim 8 wherein the ingot has a 
nominal diameter of about 200 mm and t dw is at least about 
2 0 hours. 

14. The process of claim 8 wherein the ingot has a 
nominal diameter of greater than 200 mm and t dw is at 
least about 4 0 hours. 

15. The process of claim 1 wherein (v/G 0 ) min is no 
more than about 80% of {v/G 0 ) mx . 

16. The process of claim 15 wherein the ingot 
segment has a length which is at least about 40% of the 
length of the constant diameter portion. 

17 The process of claim 15 wherein the ingot 
segment has a length which is at least about 80% of the 
length of the constant diameter portion. 

18. The process of claim 15 wherein the ingot 
segment has a length which is at least about 90% of the 
length of the constant diameter portion. 

19. The process of claim 15 wherein the ingot has a 
nominal diameter of about 150 mm and t dw is at least about 
10 hours. 
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20. The process of claim 15 wherein the ingot has a 
nominal diameter of about 200 mm and t dw is at least about 



2 0 hours. 



21. The process of claim 15 wherein the ingot has a 
nominal diameter of greater than 200 mm and t dw is at 
least about 40 hours. 

22. A process for growing a single crystal silicon 
ingot having a central axis, a seed-cone, an end-cone, a 
constant diameter portion between the seed-cone and the 
end-cone having a circumferential edge and a radius 

5 extending from the central axis to the circumferential 
edge, the ingot being characterized in that, after the 
ingot is grown from a silicon melt and cooled from the 
solidification temperature in accordance with the 
Czochralski method, the constant diameter portion 
10 contains an axially symmetric region which is 

substantially free of agglomerated intrinsic point 
defects, the process comprising: 

controlling a growth velocity, v, and an average 
axial temperature gradient, G„ during the growth of the 
15 constant diameter portion of the ingot over a temperature 
range from solidification to about 1300°C; and, 

the cooling rate of the axially symmetric region, 
the axially symmetric region cooling from a first 
temperature, T 1( which is between about 1400°C and about 
20 1300°C, to a second temperature, T 2 , which is between 

about 1050°C and about 900°C, with the rate of temperature 
decrease from T x to T 2 being controlled such that at each 
intermediate temperature, T int , between T, and T 2 , the 
axially symmetric region has a concentration of silicon 
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25 self-interstitial intrinsic point defects which is less 
than a critical concentration at which agglomerated 
intrinsic point defects form, 

wherein the axially symmetric region has a width, as 
measured radially from the circumferential edge toward 

30 the central axis, which is at least about 30% of the 

width of the constant diameter portion of the ingot and 
has a length which is at least about 20% of the length of 
the constant diameter portion of the ingot. 

23. The process of claim 22 wherein the axially 
symmetric region has a width which is at least about 60% 
of the width of the constant diameter portion. 

24. The process of claim 22 wherein the axially 
symmetric region has a width which is at least about 95% 
of the width of the constant diameter portion. 

25. The process of claim 22 wherein the axially 
symmetric region has a width which is about equal to the 
width of the constant diameter portion. 

26. The process of claim 22 wherein the axially 
symmetric region has a length which is at least about 40% 
of the length of the constant diameter portion. 

27. The process of claim 26 wherein the axially 
symmetric region has a width which is at least about 60% 
of the width of the constant diameter portion. 
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28. The process of claim 26 wherein the axially 
symmetric region has a width which is at least about 95% 
of the width of the constant diameter portion. 

29. The process of claim 26 wherein the axially 
symmetric region has a width which is about equal to the 
width of the constant diameter portion. 

30. The process of claim 22 wherein the axially 
symmetric region has a length which is at least about 80% 
of the length of the constant diameter portion. 

31. The process of claim 22 wherein the average 
rate of temperature decrease is between about 
0.1°C/minute and about 3°C/minute. 

32. The process of claim 22 wherein the average 
rate of temperature decrease is between about 
0.1°C/minute and about l°C/minute. 

33. The process of claim 22 wherein the average 
rate of temperature decrease is between about 
0.1°C/minute and about 0 . 5°C/minute . 
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